This review article discusses the climate, water resources and historical droughts of Africa, drought indices, vulnerability, impact of global warming and land use for drought-prone regions in West, southern and the Greater Horn of Africa, which have suffered recurrent severe droughts in the past. Recent studies detected warming and drying trends in Africa since the mid 20th century. Based on the Fourth Assessment Report of the Intergovernmental Panel on Climate Change and the Coupled Model Intercomparison Project Phase 5 (CMIP5), both northern and southern Africa are projected to experience drying, such as decreasing precipitation, runoff and soil moisture in the 21st century and could become more vulnerable to the impact of droughts. The daily maximum temperature is projected to increase by up to 8°C (RCP8.5 of CMIP5), precipitation indices such as total wet day precipitation (PRCPTOT) and heavy precipitation days (R10 mm) could decrease, while warm spell duration (WSDI) and consecutive dry days (CDD) could increase. Uncertainties of the above long-term projections, teleconnections to climate anomalies such as ENSO and the Madden-Julian Oscillation, which could also affect the water resources of Africa, and capacity building in terms of physical infrastructure and nonstructural solutions are also discussed. Given that traditional climate and hydrological data observed in Africa are generally limited, satellite data should also be exploited to fill the data gap for Africa in the future.
Introduction
With an average annual renewable water resource of about 120 mm, the lowest compared to other continents, Africa is a relatively dry and water-scarce continent (Table 1) . Africa is also the hottest continent, with about 60% of the land consisting of drylands and deserts. In the recent past, many major droughts have occurred over Africa, e.g. East Africa suffered a total of 12 droughts between 1965 and 1997 (Mwale and Gan 2005) ; and in assessing drought warning experiences in Africa, 16 droughts at national scale were identified for which warnings were issued between the 1960s and 2011 (DEWFORA 2012) . Given that water is a key production factor in virtually all enterprises, and is also essential to sustain ecosystems and the biodiversity of any environment, droughts could cause catastrophic environmental damage. Important examples of such environmental damage include crop failure, impoverishment and humanitarian crises in Africa, such as the Sahel droughts of the 1970s, the droughts of Ethiopia/Sudan in the 1980s that each killed several hundred thousand people (Kallis 2008) , and the Somalia drought of 2011 that affected 10 million people.
To make matters worse, since the 1970s, natural disasters such as floods and droughts, which have been occurring more frequently and in greater severity globally, could be among the most relevant impacts of climate change (Sun et al. 2007 , IPCC 2012 . As the climate warms, the hydrological cycle will accelerate, and occurrences of severe climate will increase, which may reduce the reliability of global water resources. Dai et al. (2009) found that there is now less water flowing through the world's largest rivers than 50 years ago. In other words, climate change tends to increase uncertainty in water supply, especially in parts of Africa where water is already in short supply.
In the Coupled Model Intercomparison Project
Phase 5 (CMIP5), Sahel, West Africa (WA) and southern Africa (SA) are identified as climate change hotspots (Diffenbaugh and Giorgi 2012) . Under the Representative Concentration Pathway, RCP 8.5, the largest projected change of CMIP5 of IPCC (2013), ensemble members are consistent in projecting largescale soil moisture drying or intensification of droughts in SA. As global temperatures rise, warming will enhance evaporation loss. The evaporation loss will result in decreased runoff and so an increased risk of drought in SA is deemed likely (with medium to high confidence), which is consistent with projected changes in the Hadley Circulation, and projected decreases in soil moisture in present dry regions towards the end of the 21st century (IPCC 2013) . The Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) also concluded that the frequency and intensity of drought has likely increased in WA. In AR4, maps of observed trends (in percentage per decade) of annual precipitation for 1901-2005 were calculated using GHCN (Global Historical Climatology Network) gridded data for each grid box, which showed statistically significant declines in the precipitation of the Sahel region of Africa (IPCC 2007) .
In view of the uncertain future of drought-prone regions of Africa, four key objectives of this review article are to investigate: (1) what climatic and anthropogenic factors contribute to droughts in Africa; (2) how vulnerable semi-arid to arid regions of Africa are to the impact of droughts; (3) possible hydrological impacts of climate change, land-use change and climate anomalies on water resources of semi-arid to arid regions of Africa; and (4) capacity building measures to combat possible impacts of future droughts.
Firstly, it is important to understand what vulnerability is. As adopted by the IPCC (McCarthy et al. 2001) , vulnerability is defined as follows:
Vulnerability is a function of the sensitivity of a system to changes in climate (the degree to which a system will respond to a given change in climate, including beneficial and harmful effects), adaptive capacity (the degree to which adjustments in practices, processes or structures can moderate or offset the potential for damage or take advantage of opportunities created by a given change in climate), and the degree of exposure of the system to climatic hazards.
As a result of differences in vulnerabilities, the same drought may result in different consequences in different regions and systems. To better understand the vulnerability of Africa to future droughts, the following aspects are examined: the climate and water resources of Africa (Section 2); historical droughts in Africa (Section 3); drought indices (Section 4); vulnerability, historical warming and drying trends of Africa (Section 5); possible climate change impacts (Section 6); uncertainties associated with long-term climate projections (Section 7); effects of climate anomalies on water resources of Africa (Section 8); and capacity building (Section 9). Finally, a summary and conclusions are given in Section 10.
Climate and water resources of Africa
Moving south from the Sahara Desert of northern Africa, north from the Kalahari Desert of SA, or west from the Greater Horn of Africa (GHA), the mean annual precipitation for Africa (based on historical data of the 20th century) increases from less than 300 mm in the two deserts and GHA to over 2000 mm in some parts of West and Central Africa (Fig. 1) . Fig. 1(a) -(c) is based on the 1901-1995 precipitation data of New et al. (2000) and Fig. 1(d) is taken from UNEP (1995) . Seasonally, other than the Kalahari Desert, DJF (December-February) is the rainy season in the lower part of Africa, which shifts northward to the Guinean and Sudan regions of Central Africa by JJA (June-August). The distribution of annual spatial surface runoff for Africa ( Fig. 1(d) ) follows a fairly similar pattern to the annual precipitation ( Fig. 1(a) ). Overall, annual runoff tends to be low in the arid northern and southern Africa (less than 50 mm/year), where runoff coefficients (annual runoff/rainfall) are also relatively low (mostly less than 0.2). In the relatively humid Central Africa, annual runoff can range from several hundred to over a thousand millimetres per year, and the runoff coefficients are generally greater than 0.3 to occasionally over 0.5. Table 1 shows that the average annual renewable water resources of the GHA and SA are very low (compared to almost 1000 mm/year for South America) at about 77 and 45 mm/year, respectively, while those of WA are higher at about 150 mm/year. Judging from the annual renewable water resources, precipitation and runoff for Africa, it is obvious that northern Africa, GHA and SA are more vulnerable to the impact of droughts than other parts of Africa. Table 2 shows the size, annual precipitation and runoff of some major river basins of the GHA, WA and SA. Using observed monthly streamflow and streamflow simulated by a land-surface model, the Community Land Model, version 3 (CLM3), Dai et al. (2009) , who produced a global monthly streamflow dataset of the world's 900 largest ocean-reaching rivers for , found that African rivers generally showed decreasing runoff trends, some of which are statistically significant, e.g. the Congo River mean annual Gosling et al. (2011) projected that climate change impact will cause the runoff of the Okavango River of southwest Africa to decrease. Dai et al. (2009) also detected generally more negative runoff trends than precipitation trends, especially in Central to southern Africa, which was likely because an increase in evaporation loss due to warming (temperature increase ≥ 1°C) tends to offset the change in precipitation for Africa. The reduced runoff will increase the pressure on already limited freshwater resources over arid regions of Africa.
Historical droughts of Africa and palaeoclimate data
West Africa, among the regions most vulnerable to climate change worldwide, has experienced a marked decline in rainfall and streamflow since the early 1970s. Persistent drought in WA is well documented from the instrumental record and has been primarily attributed to changing Atlantic sea-surface temperatures (SST) (Lamb and Peppler 1992) and warming in the Indian Ocean, which enhances subsidence over WA (Lu 2009 ). The Sahel region of northern Africa suffered severe and prolonged droughts from the 1960s to 1980s, which led to declined crop yields and famines (Hulme 2001) . Severe Sahel droughts led to diminished vegetation and enhanced evaporation, a positive feedback that further prolonged the droughts (Giannini et al. 2008) . The GHA, with three-quarters of the population living in Ethiopia, Kenya, Sudan and Tanzania where food insecurity is a regular occurrence, is also vulnerable to droughts. The 1998-2001 La Niña drought in the GHA caused severe water shortage. However, knowledge of climate variability and observations in the GHA is still lacking (Sivakumar et al. 2005) .
The above are examples of recent droughts of Africa, where, over the millennia, droughts lasting for years to decades have occurred many times. Long-term droughts are a recurring feature of Holocene palaeoclimate records for Africa, e.g. extended intervals of dry spells have been reconstructed for the last few millennia for WA (Shanahan et al. 2009 ), East Africa (Verschuren et al. 2000 , Wolff et al. 2011 ) and northern Africa (Touchan et al. 2008 (Touchan et al. , 2011 . Among palaeoclimate studies related to historical droughts in Africa, Touchan et al. (2008) analysed multi-century tree-ring records, consisting of 13 Cedrus atlantica and Pinus halepensis chronologies, on pre-instrument historical droughts in Tunisia and Algeria. The authors found a strong signal for warm-season drought (May-August) from a reconstructed PDSI (Palmer Drought Severity Index; Palmer 1965) for the period AD 1456-2002. Remarkably, the most recent drought (1999) (2000) (2001) (2002) appears to have been the worst since the mid 15th century, which is probably consistent with the early signature of a transition to more arid mid-latitude conditions, as projected by the general circulation models (GCMs) of the IPCC (2007). Touchan et al. (2011) found that droughts in northwestern (northeastern) Africa were negatively (positively) correlated to selected sectors of the DJF Kaplan sea surface temperature anomaly of the Atlantic, Indian and Pacific oceans.
Because of similarities between the oxygen isotopic signature (δ 18 O) of carbonate preserved in the uppermost sediment record of Lake Bosumtwi, Ghana, and recorded precipitation ) of a nearby climate station, Shanahan et al. (2009) used sediments of isotopes from the lake (δ 18 O) as a proxy of past precipitation before the 20th century. Shanahan et al. (2009) combined geomorphic, isotopic and geochemical information from sediments of Lake Bosumtwi to reconstruct natural variability in the African monsoon over the past three millennia. From a cross-wavelet coherence analysis between the summer West African Monsoon (WAM) and a tree-ring reconstruction of the Atlantic Multidecadal Oscillation (AMO), the authors showed that WAM and AMO have been linked at multidecadal time scales for the past 400 years (Fig. 2) . The study concluded that past droughts of multidecadal or longer time scales were characteristic of the monsoon, and were linked to natural variations in Atlantic SST. Furthermore, recent severe droughts are not anomalous in the context of the past three millennia, and it is suggested that the monsoon could give rise to longer and more severe future droughts. Projections of the WAM rainfall appear to be uncertain, reflected in considerable model deficiencies and spread in the projections (IPCC 2013) , which are also affected by land-atmosphere interactions, as shown by the African Monsoon Multidisciplinary Analysis Land Surface Intercomparison Project (Boone et al. 2009) .
From recent palaeoclimate studies, there is very high confidence that a reduced strength of the Atlantic Meridional Overturning Circulation (AMOC) and the associated surface cooling in the North Atlantic region caused southward shifts of the Atlantic Inter-Tropical Convergence Zone. The shift affected African monsoons and inter-hemispheric tropical rainfall patterns, leading to drying in equatorial West Africa (Weldeab et al. 2007 , Mulitza et al. 2008 , Tjallingii et al. 2008 , Itambi et al. 2009 4 Drought indices for meteorological, agricultural, hydrological and socio-economic droughts Drought indices are designed to monitor the impacts of different types of droughts at various spatial, severity and time scales, and to express the level of risk in a way that the public can easily appreciate and understand (Vicente-Serrano et al. 2012) . Meteorological drought is a period when the actual moisture supply consistently falls below the climatically appropriate moisture supply. Precipitation is the primary variable to compute meteorological drought indices, such as the standardized precipitation index (SPI) (Mckee et al. 1993) and the Bhalme-Mooley index (Bhalme and Mooley 1979) . The SPI can be applied at different time scales, which makes it a popular choice, but its drawback is that it is only based on precipitation data.
There are drought indices that also include surface air temperature to account for the effect of evaporation, moisture supply and runoff, such as the PDSI shown in Fig. 3 , and the SPEI (standardized precipitation evapotranspiration index) of Vicente-Serrano et al. (2010) designed to overcome the limitation of SPI given that temperature rise will potentially affect drought conditions significantly. However, the original PDSI has a fixed temporal scale, which is a drawback given that hydroclimatic variables respond to droughts over a wide range of time scales. Variants of the PDSI have been proposed, such as the self-calibrating PDSI (scPDSI), PDSI with a Penman-Monteith (pm) evaporation model and others (Dai 2011, Gobena and Gan 2013) .
Agricultural droughts that pertain to soil moisture supply failing to meet the water requirements of crops are often based on soil moisture content estimated by hydrological models or field observations, such as the computed soil moisture (CSM) or the crop moisture index (CMI), the ratio of annual precipitation to annual potential evapotranspiration (Palmer 1968) , ranges from −1 for dry to +1 for wet climates (Willmott and Feddema 1992). Vörösmarty et al. (2005) showed that Africa, with a median CMI of about −0.80, in contrast to the global median ranges of −0.10 to −0.25, is a waterscare continent. Figure 3 (c) shows that, based on the simulations of the CLM3 land surface scheme from 1948 to 2004, the top 1 m soil moisture had decreased in many parts of Africa especially in WA and SA, by up to 20 mm (Dai 2011) . As mentioned in Section 1, under the RCP8.5 projections, soil moisture drying in SA is likely with high confidence by the end of the 21st century. With predominantly decreasing topsoil moisture, a decline in crop yields over many parts of Africa is expected.
A hydrological drought index refers to deficiencies in surface and subsurface water supplies (Wilhite and Glantz 1985) and is often based on basin streamflow data, e.g. the standardized streamflow index ( (2007), and a projected decrease in the annual runoff of northern and southern Africa under RCP scenarios of IPCC (2013) (figures not shown), it seems that the arid northern and southern Africa could become drier by the late 21st century. On the other hand, the relatively wet Central Africa may generally become marginally wetter or remain unchanged. Lastly, socio-economic drought occurs when the shortage of moisture starts to affect the health, well-being and quality of life of the population.
Vulnerability, warming and drying trends of Africa and possible anthropogenic impacts
With the above review on historical droughts of Africa, recently observed drying trends (Fig. 4) and recent droughts of Africa, how vulnerable are semi-arid and arid regions of Africa to future droughts? And how have climate change, climate variability and anthropogenic impacts affected the frequency, severity and duration of droughts in these regions of Africa? The global temperature has been consistently increasing since the early 1970s (WMO 2013 , IPCC 2013 , and the first decade of the 21st century was the warmest decade recorded since modern measurements began around 1850. Albeit changes in and trends of our climate system are related to both climate variability and human-induced global warming caused by rising atmospheric concentrations of heat-trapping greenhouse gases, which could have significant implications for water resources worldwide, including those of Africa. In addition to climate change impacts, how will anthropogenic activities such as agricultural practices, deforestation and desertification, which are related to occurrences of previous droughts, further affect water cycles, disrupt ecosystems and impact the water and food security in these regions of Africa?
Hydrological impacts of climatic change in droughtprone regions of Africa are not well understood partly because there are limited published climate change studies in Africa based on regional climate models. There is an urgent need to better understand ongoing changes to the climatic and hydrological regimes of Africa and to objectively assess its vulnerability and susceptibility to droughts. There are challenges to determine the onset, extent, impact and end of droughts, given that drought is a complex natural hazard with long-term development and a spatially diffusive and progressive nature. As explained in Section 4, there are meteorological, agricultural, hydrological and socio-economic droughts, and time scales over which cumulative water deficits result in one type of drought differ from those of other types of droughts.
Because climate is a multi-fractal process of high fractal dimensions (Gan et al. 2002) , and hydrological extremes are more than climate-driven phenomena, their patterns are difficult to pin down. For example, there are complex interactions between the atmosphere and the land surface (Koster et al. 2004) , compounded by anthropogenic and agricultural practices and landuse changes. Since atmospheric carbon dioxide concentrations are partly modulated by terrestrial carbon sinks found on land surfaces, deforestation and desertification have been shown to lead to large-scale climatic changes (Zhao et al. 2001) , reduced agricultural productivity, loss of biodiversity and droughts. Desertification or advancement of "desert" is land degradation, which has affected various regions of Africa due to a combination of climatic factors such as drought or climate variability, and over-exploitation of land such as intensive agriculture, deforestation, unsustainable farming and overgrazing (Nicholson et al. 1998) .
The increased frequency and severity of droughts resulting from climate change impacts could further exacerbate desertification, which would lead to vegetation loss, reduced carbon sinks and, as a result of more greenhouse gases remaining in the atmosphere, a positive feedback. Vegetation loss also increases surface albedo, which enhances cooling and decreases rainfall, further promoting desertification and droughts. Citing examples of desiccation, land degradation and droughts that hit the Sahara, Kalahari and Sahel deserts of Africa in the early, mid and late 20th century, respectively, Nicholson et al. (1998) even suggested that it is impossible to separate drought from desertification. Dai (2011) showed that since the 1970s, global aridity has increased substantially due to recent drying over Africa, southern Europe, East and South Asia, and eastern Australia. Climate models project increased aridity in the 21st century over most of Africa, and future efforts to predict drought will depend on the ability of climate models to predict tropical SSTs (Dai 2011) , and prudent usage of climate model outputs for hydrological applications (Wilby 2010) . In addition to the recent warming that has increased atmospheric moisture demand and altered atmospheric circulation patterns and contributed to the drying of Africa, the El Niño Southern Oscillation (ENSO), tropical Atlantic SSTs and Asian monsoons could also contribute to the recent drying of Africa (Section 8). Giannini et al. (2003) suggested two theories for the cause of persistent drought in the African Sahel during the 1970s and 1980s: (1) land-use changes caused by human activities such as farming and herding in marginal land, which changed the amount and distribution of moisture in the Sahel, and (2) changing global ocean temperatures that affected the African climate variability. By demonstrating that GCMs simulated climate closely matched the historical climate of the Sahel, Giannini et al. (2003) showed that GCMs can reasonably predict the climate of the Sahel. Then, based on GCM simulations, Giannini et al. (2003) showed that when SSTs increased in the Indian Ocean, rainfall at interannual to inter-decadal time scales decreased over the Sahel. Furthermore, warmer eastern Atlantic Ocean temperatures likely disrupted the fragile conditions required for the development of monsoons. Even though Giannini et al. (2003) did not examine why SST had changed, or the possible role of human activity in changing climate patterns in the Sahel, their results nonetheless support the theory that rising SSTs in the Indian Ocean caused persistent drought in the Sahel region. The warming of the Indian Ocean is likely a result of global warming attributed to rising anthropogenic greenhouse gases (IPCC 2007 (IPCC , 2013 . In addition to warming in the Indian Ocean, the southward shift of the warmest SSTs in the Atlantic, possibly because climate warming was greater in the North Atlantic than in the South Atlantic, could also have contributed to recent Sahel droughts, which could have been further prolonged by local feedbacks (Hoerling et al. 2006) .
According to simulated mean changes of 20 climate models for the SRES A1B climate scenarios of the IPCC, global warming could lead to substantial increases in winter precipitation in higher latitude regions of the Northern Hemisphere (NH), but decreased precipitation in mid-to low-latitude regions of the NH by the late 21st century (Räisänen 2008) . Trenberth et al. (2003) showed that, all things being equal, an increase in humidity in the lower troposphere should cause an increase in rainfall because the atmospheric holding capacity for water vapour increases by about 7%/degree of warming (Clausius-Calpeyron equation). Climate models generally predict an enhancement of the global hydrological cycle (and hence precipitation) by 1-2%/degree of warming, and suggest a greater average increase in absolute moisture amounts per degree of warming for low latitudes than for higher latitudes. However, increased surface water loss through evapotranspiration (ET) due to climate change could exceed the increase in precipitation (e.g. Kerkhoven and Gan 2011b) . Other than enhanced evaporation, the recent drying over the Sahel and other tropical regions could also be attributed to increased aerosol loading of the NH, as suggested by some climate model simulations, which, however, are subject to large biases (Rotstayn and Lohmann 2002) .
From the trend analysis of observed air temperature, precipitation and streamflow data of 1950 , Dai (2011 showed that warming and drying had occurred over much of Africa since the mid 20th century, except in parts of northern Africa and the GHA, where precipitation had marginally increased (Fig. 4) . Comparing  Fig. 4(b) and (c), it is obvious that decreasing trends of runoff have been generally higher than those of precipitation across most of Africa probably because increases in ET attributed to surface warming either offset the increase or further aggravate the decrease in precipitation. (Trenberth et al. 2007 ) turn out to be more severe than that derived from the HadCRUT3 dataset (Dai 2011) . Further, it seems that the warming trend resulted in a drier climate for central to southern than for northern Africa (Fig. 4(b) and (c)).
From spatial patterns of the leading EOF (empirical orthogonal function) of monthly PDSI computed for 1900-2008, Dai et al. (2004) concluded that Africa and several other continents had undergone a long-term drying over the last century. Forcing the Community Land Model Version 3 (CLM3) with observed climate and NCEP/NCAR reanalysis data of 1950-2008, CLM3 simulated soil moisture patterns that are similar to those of the PDSI, and both the models suggest that drying had occurred over Central, West and southern Africa during the last 60 years (Fig. 3) . Since both the simpler PDSI index and a comprehensive land surface model (CLM3) exhibit generally similar trend patterns, and with the predominantly negative trends from observed precipitation and runoff data of (Fig. 4) , it seems that Africa has been getting warmer and drier in recent decades, which would increase the risk and impact of droughts for some parts of Africa. However, because the PDSI is calculated from a simple water-balance model forced by monthly precipitation and temperature data, it could overestimate drought in the context of climate change (Sheffield et al. 2012 ). Section 6 discusses the possible impact of climate change on water resources of Africa.
6 How would climate change impact future water resources of Africa?
Has there been a clear signal that climate change has occurred in Africa? The signal of anthropogenic climate change can be detected by the time of emergence (ToE), often defined as the time at which the ratio of the signal of climate change (S) over the noise (N) or variability exceeding a threshold, such as 1 or 2. Based on the Coupled Model Intercomparison Project Phase 3 (CMIP3) simulations, Hawkins and Sutton (2012) showed that for the surface air temperature of Africa, the median ToE for S/ N > 1 is within the next decade, and before 2030 for S/ N > 2 (Fig. 5(d) and (e)). However, the study cautioned that uncertainties in ToE due to inter-GCM differences in the magnitude of climate change signal, alternative SRES emissions scenarios, and large differences in the simulation of natural climate variability can be 30 years or longer in some regions in Africa.
Under a signal of change ( Fig. 5(d) and (e)) against a background of natural variability based on GCM projections, in recent decades, 90% of natural hazards have been related to water and they are likely to get worse in a changing environment. Hydrological extremes (droughts and floods) have been occurring more frequently and in greater severity worldwide, which many attribute to the impact of climate change. The multi-GCM, multi-scenario consensus of the IPCC (2007) on changes in the globally averaged, annual extremes of 20-year return period, 24-h precipitation project an increase of about 6% per degree of global warming (e.g. Kharin et al. 2007) . As a warmer atmosphere has a larger capacity to hold more water vapour and generate more precipitation, the hydrological cycle will accelerate, which can potentially lead to more extreme floods and droughts, reducing the reliability of water resources worldwide, and especially in Africa.
Further, undue exploitation of natural resources, population growth and changes to economic and social structures in Africa often result in its lack of ability to cope with hydrological extremes. How severely will droughts affect Africa in the coming decades? The following assessment is based on climate projections of GCMs of the IPCC in its Fourth (CMIP3) and Fifth (CMIP5) Assessment Reports, which have been used to estimate future potential water withdrawals according to projected socio-economic driving factors (Shen et al. 2008) . According to the projected multi-model mean changes from the 1980s to 2080s for the SRES A1B climate change scenarios, northern and southern Africa will experience decreased precipitation, evaporation, runoff and soil moisture (Fig. 6) . Precipitation is the key driver of evaporation and runoff in Africa, but not necessarily of soil moisture, which could decrease even if precipitation were to increase (Fig. 6(c) and (d)). Even though intense storms could increase, light to moderate rain intensity could decrease, which would cause an increase in the runoff coefficient and PET, and, as a result, soil moisture would decrease. The implication is that land aridity will increase, e.g. soil moisture-climate interactions could develop into droughts (Seneviratne et al. 2010) . Another possibility is that under increased downward longwave radiation from increased atmospheric water vapour, the land is expected to warm up, causing PET (atmospheric demand for water vapour) to increase. However, if the increase in precipitation over a region lags behind the increase in PET, it is expected that land aridity will increase. Based on the decadal-mean scPDSI-pm computed by Dai (2011) for the SRES A1B climate scenarios of the IPCC, aridity for Africa is projected to increase over the 21st century (Fig. 7) . By the 2060s, there will be severe drought (scPDSI-pm < −3) except over eastern Central Africa.
Due to differences in land-surface parameterizations, projections of future soil moisture by GCMs are likely to involve larger uncertainties than temperature and precipitation, given that many IPCC (2007) GCMs simulated opposite soil moisture changes over many regions whereas they agree on simulated changes in temperature (Wang 2005 , Meehl et al. 2007 ). Wang (2005) compared 15 coupled-model averages of precipitation and soil moisture differences between the preindustrial control simulation and the SRES A1B climate change scenarios of the IPCC (2007). In terms of inter-model consistency, Wang found a higher consistency among models in predicting precipitation changes during winter than summer. Globally, however, there is a low consistency in predicting soil moisture changes, other than dominant drying over the tropics and subtropics, drier soils over South Africa in all seasons, and over West Africa in JJA. However, given that an increase of soil moisture was only projected in northern latitudes during non-growing seasons, he concluded that there will be a worldwide agricultural drought. More future effort should be devoted to comparing land surface schemes (LSS) to better understand differences in soil moisture changes predicted by LSS. Unfortunately, a general lack of observation makes the validation of simulated soil moisture data difficult. However, it is possible to supplement the lack of ground observations of soil moisture with data retrieved from satellite sensors (e.g. Nasreen and Gan 2014) .
Compared to the SRES climate change scenarios of IPCC (2007), the IPCC CMIP5's new scenarios, the RCP8.5 (http://www.wmo.int/pages/themes/climate/ emission_scenarios.php) forcing exceeds that of SRES A2, RCP4.5 is comparable to SRES B1, and the SRES A1B scenario falls between RCP8.5 and RCP4.5 (Sillmann et al. 2013b) . The CMIP5 models generally have higher grid resolutions, larger number of vertical layers, and are more comprehensive than the CMIP3 models, albeit the performance of the CMIP5 models in simulating 20-year temperature and precipitation extremes are comparable to those of the CMIP3 models (Kharin et al. 2013) . On the basis of the CMIP5 ensemble, north and south Africa are projected to become drier, similar to the results of CMIP3 (Figs 8 and 9 ).
Projected changes in precipitation and soil moisture by GCMs, especially extreme precipitation in the tropics and subtropics, are subjected to large uncertainties given that large inter-model disagreements are found in the Fourth and the Fifth Assessment Reports of the IPCC (Kharin et al. 2013) . More confidence in climate change impact studies is to be expected from projections based on regional climate models (RCM) instead of GCMs. Unfortunately, so far there are only limited examples of climate change studies for Africa that are based on RCMs, and published results on Africa are very limited. For example, Tadross et al. (2005) and Engelbrecht et al. (2009) found that because of an increase in convective rainfall and changes in the synoptic-scale South Indian Convergence Zone (SICZ), summer rainfall was projected to increase over eastern parts of southern Africa. Tadross With reference to gridded observed data (http:// www.climdex.org), Sillmann et al. (2013a) found that CMIP5 models can generally simulate representative climate extremes in terms of spatial patterns and magnitude. The three indices considered are the annual maximum of daily maximum temperature (TXx), warm spell duration index (WSDI), which is the daily maximum temperature in 6 or more consecutive days, which is greater than TX90 (TXx on the 90th percentile centred on a 5-day window for , and consecutive dry days (CDD), which is the length of the longest period of consecutive dry days in a year.
According to the median of multi-model climate projections of CMIP5, by late 21st century, TXx of Africa could increase by about 2°C (RCP2.6), 3-4°C (RCP4.5), or 4-8°C (RCP8.5) (Fig. 8(a)-(d) ). If the projections of RCP8.5 come true, this could mean disastrous warming in Africa by about 2100. Consistent with projected TXx, WSDI and CDD indices are both projected to increase significantly by about 2100. From  Figs 8(e)-(h) , the 1981-2000 WSDI, which ranges from about 3 to 25 days, is projected to increase significantly over Africa, by about 45 days (RCP2.6), 100 days (RCP4.5) or 200 days (RCP8.5). Figure 8(i) shows that the Sahel typically has a CDD in the order of 250 days per year or higher, while other parts of Africa generally have CDDs ranging from 50 to 150 days per year (Sillmann et al. 2013a ). CMIP5 models predict a general increase in CDDs in southern Africa and parts of northern Africa, up to about 35 days per year, with the most severe projected changes in the length of dry spells under RCP8.5 (Sillmann et al. 2013b) .
Comparing Figs 8 and 9, it is obvious that northern, southern and parts of West Africa (WA) affected by a significant increase in CDD generally coincide with a decrease in total wet day precipitation, PRCPTOT, and heavy precipitation days, R10 mm (number of days with daily precipitation > 10 mm). Figure 9 (a)-(f) shows that R10 mm, PRCPTOT and soil moisture are projected to decrease significantly over southern Africa, increase significantly over the GHA, and a large part of the Sahel where CDD is projected to decrease by up to 25 days in a year under RCP8.5. Although there is good agreement between climate models on the sign of projected changes to PRCPTOT and R10 mm, the inter-quartile model spread (25th and 75th) over the Sahel for PRCPTOT and CDD are both relatively high compared to other parts of Africa (Sillmann et al. 2013b) . The implication is a lack of consistency in projected changes to PRCPTOT and CDD among CMIP5 models, e.g. projections for the Sahel are subjected to larger uncertainties. In contrast to projected changes to CDD and PRCPTOT under RCP4.5 and RCP8.5, northern and southern Africa are projected to undergo more modest changes to TXx and WSDI. Figure 10 shows strong downward trends in the annual precipitation time series of WA in the past 50 years and in South and East Africa in the 1980s but somewhat recovered in early 2000s. The linear decreasing trend of rainfall for WA for 1900 to 2005 was 7.5%, which was statistically significant at <1% (Trenberth et al. 2007) .
Uncertainties associated with projections of climate change impact
Hydrological and climate forecasts will always have uncertainties due to limitations of the climate/hydrological models used, carbon cycles, input data errors, errors in the physics processes, structure of the climate models and numerical round-off errors (Kirtman and Min 2009) , and the IPCC GCM simulations could fall outside the estimated error bars (Curry 2011) . Also, climate forecast is sensitive to initial conditions. Nevertheless, future climate scenarios that present plausible future climates are necessary for supporting present-day water management decisions with the perspective of adapting to climate change impacts (Kundzewicz et al. 2009 ).
Using PUB (Predictions in Ungauged Basins), hydrologists have tried to reduce hydrological uncertainty in data-sparse regions, while meteorologists have attempted to explain uncertainties in forecasts (Hirschberg et al. 2011) . Most hydrological forecasts are inherently statistical in nature, e.g. the standard method for estimating how streamflows will change under a projected climate is to adjust the climate normal (1971-2000) with predicted changes in monthly temperature and precipitation, and these adjusted data are used to drive a hydrological model calibrated and verified with historical data, e.g. Kerkhoven and Gan (2006) . The streamflow forecast is based on only one future climate scenario of a virtually infinite set of -20 -30 1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000 (a) future climatic conditions that satisfy the climatology predicted by a GCM. The uncertainty in the input data to the hydrological model that is passed on to the estimated streamflows is a form of aleatory uncertainty (Vrugt et al. 2008) due to variations that can occur within a period of stable climatic conditions, as opposed to epistemic uncertainty (Beven 2009 ). Uncertainty in a forecast can also be categorized into conditional and unconditional uncertainties. In systems with significant long-term memory, the influence of known current conditions reduces the uncertainty of relatively short-term forecasts. When the knowledge of the current condition is used, conditional uncertainty is estimated. As a forecast looks into the future, the influence of current conditions becomes progressively smaller, until it reaches a point when an uncertainty estimate is only weakly influenced by the current state, hence becoming an unconditional uncertainty (Kerkhoven and Gan 2011a) . To estimate unconditional uncertainty associated with a climate forecast, the classic approach is to obtain the range of forecast simulated by an ensemble of climate models, e.g. Fig. 5 (a) and (b).
Uncertainty studies have been conducted for Africa (e.g. Kapangaziwiri et al. 2012) , but a probability analysis of droughts based on non-stationary, extreme value distributions has yet to be attempted in Africa. Extreme value probability distributions with time-varying parameters can be used to describe distributions of non-stationary extreme precipitation and streamflow data in selected sites of Africa to estimate the probability of occurrence of drought episodes at these sites.
8 Effects of climate anomalies such as ENSO and others to the climate and water resources of Africa
Other than climate change impacts, it is well known that Africa has been affected by climate anomalies, especially ENSO, e.g. during ENSO years, the kiremt (June-September) rainy season will tend to be dry in Ethiopia (Degefu 1987) , and in the northern sector of the GHA. Nicholson and Kim (1997) found that at inter-annual time scales the Pacific (i.e., ENSO) and Indian oceans play an essential role in the summer dipole pattern observed in the precipitation of southern Africa. For example, El Niño (La Niña) has been observed with more (less) severe droughts over southern Africa. By applying harmonic analysis on ENSO composites of the 6-month SPI and rainfall anomalies for 1900-1996, Ntale and Gan (2004) found that ENSO responses in East African rainfall are region-and season-dependent, and the influence of El Niño is stronger and opposite that of La Niña. Among five regions of unique ENSO responses identified, northeastern (R4) and southern Tanzania (R5) seem to have the most consistent ENSO responses (Fig. 11) . Region R5 experiences positive (negative) response under La Niña (El Niño) influence during January and June of the post-ENSO year. Southern Uganda and much of the Lake Victoria basin show some significant positive ENSO responses for NDJ. Boxplots of the 6-month SPI confirm a shift in the distribution of 6-month SPI between ENSO and non-ENSO affected seasons. Ntale et al. (2003) used canonical correlation maps to show that low September-November rainfall in East Africa is associated with cold SSTs off the Somali coast and the Benguela (Angola) coast, and significant inter-decadal oscillations have been found in the sea surface temperature, sea level pressure and barotropic transport fields of the South Atlantic region (Wainer and Venegas 2002) . Ntale et al. (2003) also found that low March-May rainfall is associated with a buildup of low SSTs in the Indian Ocean adjacent to East Africa and the Gulf of Guinea.
By harmonic analysis, Ropelewski and Halpert (1987) found that equatorial eastern Africa (Kenya, Uganda, Rwanda, Burundi and Tanzania) tends to experience wetter than normal conditions in the October of an El Niño onset year to April of the following year, while south of 15°S (southern Africa) exhibited the opposite experience. Besides southern Africa, on the basis of negative SPEI for El Niño years, Vicente-Serrano et al. (2012) shows that ENSO is also associated with severe dry conditions of the Sahel. How will ENSO affect the climate of Africa in the future? Climate models can simulate more and more realistic representation of ENSO and ongoing ENSO variability in the future. There is high confidence that ENSO will very likely remain as the dominant mode of inter-annual variability, and associated precipitation variability on regional scales will likely intensify, but regional implications of ENSO in Africa are still uncertain (IPCC 2013). Other than the drying effect of El Niño, the Madden-Julian Oscillation has also been shown to trigger atmospheric moisture flux anomalies over southern Africa, and modulated its intra-seasonal rainfall distribution (Pohl et al. 2007) .
Monsoons can significantly affect the climate of Africa. For example, the monsoon developed over West Africa during the northern spring and summer brings the Inter-tropical Convergence Zone and the associated rainfall maxima to their northernmost location (Sahel) in August. However, a West African monsoon characterized by alternation of southwesterly winds during warmer months and northeasterly during cooler months of the year can also lead to almost yearround dry conditions in West Africa at about 20°N (Hastenrath 1995, Sultan and Janicot 2003) .
Capacity building
What capacity building measures should be considered to enhance the water security and to reduce the vulnerability of semi-arid and arid regions of Africa against impacts of future droughts? From a physical aspect, many regions in Africa have little irrigation infrastructure. Upgrading could include subsidized piping equipment to transport water to fill dugouts, increased water storage, farming equipment modified to suit shorter and sparser crops, and strategic implementation of weather-monitoring stations to track drought locations, which will depend on financial resources and manpower available. In non-physical aspects, innovative water sharing programs, new water policies, technological developments, government and community programmes, crop insurance programmes, farm income assistance programmes, communication, diversification, farm production practices, sustainable agriculture, improvement of existing regional EWS (early warning system), and financial management should be investigated. Decision support tools (DST) to improve the effectiveness of capacity building can also be considered, such as a DST called CRiSTAL (Communitybased Risk Screening Tool -Adaptations and Livelihoods; IUCN 2010), developed for developing countries for assessing and enhancing project impacts on local adaptive capacity to climate variability and change. A multi-objective scoring system can be adopted to evaluate effectiveness, benefits versus costs, residual negative versus positive impacts, opportunities and barriers, efficiencies and innovations of various capacitybuilding options for Africa.
Summary and conclusions
In recent decades, hydrological extremes have been occurring more frequently and with greater severity globally, which many scientists attribute to the impact of climate change. A warmer atmosphere will increase the occurrence of severe climate, reducing the reliability of global water resources, including Africa. This article reviews the climate and water resources of Africa and identifies its drought-prone regions, such as the Sahel of northern Africa, the Greater Horn of Africa, western and southern Africa, which have been affected by severe droughts in recent decades and in the last several millennia. From analysing climate data from 1950 to 2008, Dai (2011) detected generally decreasing precipitation and runoff trends in African rivers. Based on the Fourth Assessment Report of the IPCC (2007) , from multi-model mean changes from the 1980s to the 2080s for the SRES A1-B change scenarios, and RCP scenarios of the Fifth Assessment Report (CMIP5), it seems that by the late 21st century the daily maximum temperature of Africa could increase by about 2°C (RCP2.6), 3-4°C (RCP4.5), or 4-8°C (RCP8.5); both northern and southern Africa are projected to experience decreasing precipitation, runoff and soil moisture in the 21st century. Climate anomalies such as ENSO and the Madden-Julian Oscillation could affect the water resources of Africa.
Finally, various capacity-building measures are proposed for reducing the vulnerability of arid regions of Africa against future droughts, which will be investigated in detail in a future study. Further, given that traditional climate and hydrological data observed in Africa are generally limited, satellite data should also be exploited to fill in the data gap for Africa in the future. For example, the TRMM data can be applied to estimate precipitation (Nicholson et al. 2003) and groundwater (Becker 2010) for Africa. Even though their retrieval is not straightforward, Grippa et al. (2011) showed that the Gravity Recovery and Climate Experiment (GRACE) satellite product can provide a reasonable estimate of the land water storage of Africa, such as the water storage interannual variability over the Sahel region.
